Abstract. The Dirac kinetic energy form of the normal mass shift is widely used in relativistic atomic structure calculations. In the present paper, we illustrate the progressive breakdown of this operator with the increase of the nuclear charge along the lithium isoelectronic series.
Introduction
The isotope shifts (IS), which consist of the field shift and the mass shift, always play a key role in extracting nuclear properties such as nuclear mean-square charge radii [1] [2] [3] [4] [5] . The mass shift, however, generally gives rise to large uncertainties in the IS due to its sensitivity to electron correlation. As a result, the determination of the mass shift always attracts one's attention.
The mass shift is made up of two parts, as suggested at first by Hughes and Eckart in 1930 [6] , that are the so-called normal mass shift (NMS) and specific mass shift (SMS) . If the nucleus is treated as a nonrelativistic particle, the mass-shift Hamiltonian can be written as [6, 7] 
where p i is the electron momentum and M is the nuclear mass. The one-and two-body operators correspond to the NMS and SMS contributions, respectively.
In the nonrelativistic framework, two approaches based on perturbation theory have been proposed to evaluate the NMS. The first one uses the infinite mass approximation as the zero-order Hamiltonian [8] 
with the electron mass m e , and treats both the NMS and SMS terms as a first-order energy correction,
The second approach adopts the finite mass Hamiltonian excluding the SMS term, 
where µ = meM me+M is the reduced mass.
Unfortunately, the scaling law (5) becomes invalid in the relativistic scheme [9] , even if restricting the relativistic corrections to the spin-orbit interaction [7, 10, 11] . Consequently, only the first method mentioned above remains possible. The relativistic Hamiltonian of the atomic system in the infinite nuclear mass approximation is [12] ,
where
is the Dirac kinetic energy operator and V (i, j) is the electron-electron interaction in the low-frequency limit, which contains the Coulomb interaction (1) if the nucleus is treated as a nonrelativistic particle and the retardation and magnetic effects due to the motion of the nucleus are omitted [7, [13] [14] [15] .
In the relativistic framework however, the mass shift operators are built from the relativistic momentum
leading to the NMS Hamiltonian
as derived by Parpia et al. [16] .
Neglecting the first term in square brackets, the NMS operator can be approximated as
This approximated NMS operator has been widely used in the relativistic atomic structure calculations [12, [17] [18] [19] .
Although, as pointed out by Parpia et al. between these levels, along the lithium isoelectronic sequence. We assess the reliability of the approximation (10) by monitoring the relative error
along the sequence.
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Computational Method
For a many-electron atomic system, the main uncertainty of physical quantities arises from electron correlation effects. In this work, the multiconfiguration Dirac-HartreeFock (MCDHF) method is used to yield the atomic state wave functions (ASF). Based on the MCDHF method, the ASF is represented by a linear combination of configuration state functions (CSFs) with same parity P , total angular momentum J and its component along z-direction
where {c i } are the mixing coefficients and {γ i } is the set of quantum numbers needed for specifying the i th CSF. The subscript ∞ indicates that the ASFs are eigenstates corresponding to the infinite nuclear mass Hamiltonian (6).
Applying the variational principle, the ASF is obtained through minimizing the energy of the level(s) considered. Since electron correlation effects become weaker towards the high-Z end of the sequence, the number of correlation layers is gradually decreased. For instance, the Mo 39+ active set is reduced by three correlation layers comparatively with the one adopted for C 3+ . Additionnally, the reduction of the correlation orbitals number also avoids the convergence problems arising from the interaction of bound states with the negative energy continuum [21] . All calculations are performed using the latest GRASP2K package [22, 23] in which a new code has been implemented to evaluate the relativistic mass shift [15, 24] .
To investigate the quality of our correlation models, we report the electronic NMS factors K and K of Li-like C and Mo for the three levels considered, as functions of the active sets, in Table 1 and Table 2 , respectively. All results are nicely converged, demonstrating that the orbital sets are almost saturated for the property we are interested in.
Results and Discussion
In Table 3 we present the electronic K and K factors for the three lowest levels along the Li-like isoelectronic sequence within 6 ≤ Z ≤ 60. It is found that the relative error , as defined by (11) 1 , grows rapidly from 0.22% to 22% for the three levels. This observation is not really surprising due to the relativistic origin of the neglected term
in the approximation (10).
The transition NMS factors ∆K(≡ ∆K/h) and ∆K(≡ ∆K/h), together with the corresponding relative errors,
are presented in Table 4 for the two transitions 2s − 2p 1/2 and 2s − 2p 3/2 and the transition within the fine structure 
Conclusion
Taking the Li-like ions as examples, we show that the approximated normal mass shift operator
used in the literature (see for instance [12] ), becomes invalid for relativistic atomic systems. It is indeed found that this approximated NMS operator, based on the Dirac kinetic energy operator, systematically underestimates the normal mass shifts not only for the levels but also for the transitions, since the relativistic contribution arising from the
term is neglected. We stress that this missing part that originates from relativity cannot be omitted for heavy elements.
For reliable relativistic atomic structure calculations, we strongly recommend the use of the entire normal mass shift operator
that is strictly equivalent to
2M [16] . In any case, one should keep in mind that, for getting more accurate normal mass shifts, this operator should also be refined by using the more complete operator
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